Soft tissue defects are relatively common, yet currently used reconstructive treatments have varying success rates, and serious potential complications such as unpredictable volume loss and reabsorption. Human adipose-derived stem cells (ASCs), isolated from liposuction aspirate have great potential for use in soft tissue regeneration, especially when combined with a supportive scaffold. To design scaffolds that promote differentiation of these cells down an adipogenic lineage, we characterized changes in the surrounding extracellular environment during adipogenic differentiation. We found expression changes in both extracellular matrix proteins, including increases in expression of collagen-IV and vitronectin, as well as changes in the integrin expression profile, with an increase in expression of integrins such as aVb5 and a1b1. These integrins are known to specifically interact with vitronectin and collagen-IV, respectively, through binding to an Arg-Gly-Asp (RGD) sequence. When three different short RGD-containing peptides were incorporated into three-dimensional (3D) hydrogel cultures, it was found that an RGD-containing peptide derived from vitronectin provided strong initial attachment, maintained the desired morphology, and created optimal conditions for in vitro 3D adipogenic differentiation of ASCs. These results describe a simple, nontoxic encapsulating scaffold, capable of supporting the survival and desired differentiation of ASCs for the treatment of soft tissue defects.
Introduction

S
oft tissue defects are caused by a number of sources, including trauma, deep burns, tumor removal, and liposarcomas. 1 Current standard reconstruction treatments of these defects include alloplastic implants and autologous fat transplants. While these methods have shown some success, they come with serious potential complications, including foreign body reaction, donor-site morbidity, and migration of implants. 1 The likely occurrence of reabsorption in autologous fat transplants (currently the most commonly used treatment) makes this option less than optimal. It is believed that the benefits demonstrated by fat transplants are attributed primarily to a specific population of stem cells present in the tissue. 2, 3 Therefore, a need exists for improved, consistent reconstruction strategies capable of treating these soft tissue defects.
Adipose tissue, which is a rich source of easily isolated adipose-derived stem cells (ASCs), can be frequently harvested in large quantities utilizing standard liposuction procedures. These procedures have been shown to be effective and safe with low risk of donor-site morbidity. 4, 5 Additionally, ASCs are readily obtained in significant quantities from a patient, are robust, and capable of self-renewal. ASCs are multipotent mesenchymal stem cells that have the ability to differentiate down various lineages, including adipogenic, osteogenic, chondrogenic, muscular, cardiac, and endothelial, much like bone marrow-derived mesenchymal stem cells (BM-MSCs).
complications of immune rejection. To reduce treatment outcome variability and promote targeted tissue regeneration, implanting only cells that provide the positive benefits (ASCs), in an engineered environment, is thought to be a viable approach.
By implanting the desired cell population, volume loss and reabsorption should be kept to a minimum, as all cells present retain the potential to proliferate as well as differentiate. The cells in the scaffold will be influenced by the native tissue and may encourage the cells of the host's tissue to regenerate. 10, 11 A synthetic scaffold that promotes preferential differentiation and supports survival of this population of cells would be critical to the effectiveness of such a treatment. Such a scaffold would need to provide the necessary mechanical support for the graft as well as the longterm survival of the grafted cells.
Poly(ethylene-glycol) (PEG) hydrogels have promising potential to serve as basic scaffolding materials in regenerative medicine. [12] [13] [14] [15] The inert backbone of PEG hydrogels, and the relative ease to functionalize sites mimicking extracellular matrix (ECM) proteins to help direct cell fate, make this type of hydrogel appealing for soft tissue reconstruction. [16] [17] [18] ECM proteins contain sites that cells can bind to and use to interact with their surrounding environment, including neighboring cells. The sites a cell interacts with can affect it in a variety of ways, including inducing proliferation, signaling a specific pathway for differentiation, or initiating apoptosis. [19] [20] [21] [22] A binding site that numerous ECM proteins have been shown to contain is the Arg-Gly-Asp (RGD) sequence. Originally identified as a critical cell-ECM adhesion component in fibronectin (FN), [23] [24] [25] RGD has since been identified in numerous other ECM proteins, such as vitronectin, collagen I, and collagen IV. 26, 27 It has been shown that adipocytes in vivo are surrounded by an ECM that includes many similar proteins such as multiple collagens (types I and IV included), multiple laminins, fibronectin, and others. 28 The expression levels of some of these proteins have previously been shown to change, in vitro, during differentiation of ASCs down various lineages. 1, [29] [30] [31] During osteogenic differentiation increased deposition of collagens I and IV have been observed, 1, 29 whereas chondrogenic differentiation shows increases in collagen II. 2, 3, 32 Changes in ECM expression of adipogenically differentiated mesenchymal cells isolated from bone marrow have been studied previously. 4, 5, [27] [28] [29] 33 However, little work has been done examining adipogenesis in the more readily abundant cell population from fat lipoaspirate.
Integrin receptors are one of the primary methods used by cells to recognize, and attach to, these RGD sequences and other peptide sequences in ECM proteins. 1, 6, 25, [34] [35] [36] These receptors are heterodimeric transmembrane proteins made up of an alpha and beta subunit. They interact with the surrounding ECM and relay messages from the extracellular environment to the cells, as well as from the cell to the ECM. 7, 34 Based on previous work showing that BM-MSCs change their integrin expression profile during other types of differentiation, 8, [29] [30] [31] 37 we hypothesized that the integrin profile of ASCs being directed toward an adipogenic lineage will alter in response to a changing ECM environment. We further hypothesize that we can utilize various small integrininteracting peptides, incorporated into a three-dimensional (3D) scaffold, to promote adipogenic differentiation of this stem cell population.
Materials and Methods
Cell lines and culture
Cells were isolated from two donors and a third line was purchased from Life Technologies (San Diego, CA). Donor cells were isolated from lipoaspirate by methods previously established. 5, 6, 9, [38] [39] [40] [41] [42] Briefly, 1-4 L of lipoaspirate was repeatedly washed with an equivalent volume of phosphatebuffered saline (PBS) containing 10 U/mL penicillinstreptomycin (Life Technologies) until the PBS layer was mostly clear. The washed lipoaspirate was then aliquoted into 225-cm 2 flasks containing 0.15% collagenase type I solution (220.00 U/mg; Life Technologies) and 20 U/mL penicillinstreptomycin antibiotics. The flasks were incubated at 37°C on a slow shaker for 2 h, with additional vigorous shaking every 15 min. The collagenase was neutralized by the addition of fetal bovine serum (FBS; Atlas Biologicals, Fort Collins, CO) to a final concentration of 10%.
The cell solution was then centrifuged at 1000 g for 10 min to pellet the stem cell dense fraction. The supernatant was removed and the cell pellet was resuspended in 160 mM ammonium chloride solution to lyse any red blood cells present. Cells were then centrifuged at 1000 g for 10 min, and the resulting pellets were resuspended in media containing 60% Dulbecco's modified Eagle's medium (DMEM; Life Technologies) with 10% FBS and 40% MesenPRO medium (Life Technologies). Cells were passed through 50-mL sterile vacuum 60 mm Nylon cell strainers (Millipore, Billerica, MA), counted through hemocytometer, and then cryopreserved in a 3:2 mixture of DMEM +10% FBS:MesenPRO with 10% dimethyl sulfoxide. For culturing and expansion, cells were thawed into 3:2 DMEM +10% FBS:MesenPro media and switched to 100% MesenPRO 24-48 h later. The cells were characterized using flow cytometry for immunophenotypes in accordance with guidelines set forth by the International Federation for Adipose Therapeutics and Science (IFATS) and the International Society for Cellular Therapy (ISCT). 43 The cultures were determined to be CD44, CD90, and CD105 positive as well as CD45 and CD31 negative. All cells were passaged at least one time before use in experiments to ensure a population of only plastic-adherent ASCs. Cells were transduced with a constitutive mCherry-luciferase reporter plasmid (generously provided by Dr. Byron Hann, UCSF) and selected for using neomycin to obtain a population with only fluorescent-expressing cells, to facilitate visualization of cells in 3D culture. All subsequent experiments were preformed on cells between passage 2 and passage 5.
Adipogenic differentiation
ASCs were dissociated using TrypLE Select (Life Technologies) at 37°C for 5-10 min and inactivated by dilution with MesenPRO, as per the TrypLE protocol. The cells were spun down at 1200 rpm and resuspended in MesenPRO then seeded into appropriate vessels at varying densities for twodimensional (2D) or 3D analysis. Cells in 2D cultures were grown in MesenPRO on uncoated tissue culture plastic until confluent and then switched to adipogenic differentiation medium. Cells for 3D cultures were treated in the same manner and then encapsulated in hydrogels at a high confluence, 2 · 10 6 -2 · 10 7 cells/mL of hydrogel as explained below, and were placed directly into adipogenic differentiation media. Adipogenic differentiation medium consisted of alphamodified minimum essential medium (Sigma-Aldrich, St. Louis, MO), supplemented with 10% FBS (Atlas Biologicals), 2 mM L-Glutamine (Life Technologies), 100 mM indomethacin (Sigma-Aldrich), 10 mg/mL insulin (Sigma-Aldrich), 1 mM dexamethasone (Sigma), 500 mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich), and 10 U/mL penicillin-streptomycin (Life Technologies). 10, 11, 39, 40, 44 Two-dimensional and 3D cultures were allowed to differentiate for 21 days before analysis. Two-dimensional cultures were stained (''Immunocytochemistry,'' below) and imaged on an Olympus IX70 (Olympus, Shinjuku, Tokyo) at 20· magnification. Three-dimensional cultures were stained with Hoechst 33342 (2 mg/mL; Invitrogen), LipidTOX (1:150; Life Technologies) for detection of lipid vacuoles, and CellMask (1:150; Life Technologies) to enhance mCherry reporter and visualize cell bodies. Threedimensional gels were then imaged on an Olympus FluoView 1000 Spectral Confocal microscope. Images were analyzed using Imaris software (Bitplane, South Windsor, CT). The ''surface object'' module was utilized to create a 3D representation of the stack for each channel imaged and generate objects for the nuclei, lipid vacuoles, cellular membranes, and the tagged peptides independently. Threshold settings were optimized for each channel to allow for unbiased counting of analyzed surface types. The distance tool in the software was also used to determine which cells contained lipids. The size of the lipid vacuoles was determined using size functions in the Imaris software.
Immunocytochemistry
ASCs at passage 2 were seeded at 2.3 · 10 4 cells/cm 2 on uncoated tissue culture plastic 12-well plates and grown to 100% confluence in MesenPRO. Cells were then either fixed or switched to adipogenic differentiation medium and differentiated for 21 days. Cells were fixed through incubation with 4% paraformaldehyde in 0.2 M sodium cacodylate buffer for 10 min and stored in 0.4% paraformaldehyde at 4°C for no more than 6 months. Cells were blocked using 5% bovine serum albumin (BSA) and permeabilized using 0.2% Triton X-100 in 1· PBS for 1 h at 4°C. Cells were stained overnight at 4°C with primary antibodies diluted in blocking buffer (See Table 1 for a list of primary antibodies and concentrations used). Cells were subsequently washed with PBS and stained with AlexaFluor secondary antibodies (20 mg/mL) and Hoechst 33342 (2 mg/mL; Life Technologies) for 1 h at room temperature before being imaged.
3D hydrogels
A solution of 4-arm PEG-Thiol (Creative PEGWorks, Chapel Hill, NC) at 10 wt% was prepared in 37°C cell culture media. A solution of divinyl sulfone (DVS) crosslinker (Sigma-Aldrich) was prepared in 4°C cell culture media. Custom ECM-based peptides were synthesized by BioMatik (linear RGD and vitronectin-derived peptides) and received as a kind gift from the laboratory of Erkki Ruoslathi, UC Santa Barbara (cycloRGD) with FITC (linear RGD and vitronectin-derived) and FAM (cycloRGD) fluorescent markers attached. Gels were functionalized with peptides at 80 mM concentrations before DVS crosslinker addition. Cells were expanded on uncoated tissue culture plastic after transduction of the mCherry plasmid and selection with G418.
After dissociation with TrypLE Select and pelleting, cells were resuspended in PEG/peptide solution and the DVS crosslinker was added at a 10:1 ratio (DVS:PEG) immediately before plating. Fifty microliters of gel solution was then plated into each well of a Teflon mold. The polymerizing PEG solution was incubated 30 min at 37°C then each gel was placed directly into appropriate culture media (adipogenic differentiation or MesenPRO) in separate wells of a 24-well plate.
QGel without RGD (ref. 1004; QGel, Lausanne, Switzerland) was used following their recommended protocol. Briefly, ASCs were harvested and pelleted in the same manner as in the DVS-PEG gels and resuspended in 125 mL of MesenPRO with peptide added at 80 mM. One vial of QGel powder was dissolved in 375 mL of Buffer A and quickly vortexed. The hydrogel mixture was then added to the cell suspension and quickly plated into molds in 50 mL aliquots and allowed to polymerize at 37°C for 30 min then immediately transferred into culture media.
Adhesion assay
The ECM-based peptides were covalently conjugated to amine-modified Primaria 96-well plates (353872; Corning Inc., Corning, NY) through an N-hydroxysuccinimide ester (NHS) NHS-PEG 12 -Maleimide bifunctional linker (PI22112; Thermo Scientific Pierce, Carlsbad, CA). NHS groups on the linker were reacted with amines on the plates to form amine bonds, and consequently attach the linker to the plates through incubation with 100 mM NHS-PEG 12 -Maleimide in PBS for 30 min at room temperature. Peptides were diluted to 20 mg/mL in PBS and conjugated overnight at 4°C to react the free cysteine on the peptides with the maleimide groups on the linker and create thioester bonds. [12] [13] [14] [15] 45 Plates were then blocked for 2 h at room temperature with 1% BSA and washed with PBS to remove excess BSA. ASCs were detached from tissue culture plastic after expansion using TrypLE Select (Life Technologies), diluted for inactivation in serumfree cell culture media, pelleted, resuspended in serum-free media and then stained in suspension with Hoechst 33342 (2 mg/mL; Invitrogen) for 10 min at room temperature for subsequent nuclear visualization.
Cells were counted on a hemocytometer, then seeded in triplicate for each peptide at 2.9 · 10 4 cells/cm 2 and allowed to adhere to the modified plates for 3 h at 37°C. [16] [17] [18] 23 It was determined that a shorter amount of time did not allow for strong-enough adhesion to withstand even gentle washing. Nonadherent cells were removed by very gently washing plates three times with room temperature PBS. A negative control of no linker/no peptide and linker/no peptide were included. Each well was imaged immediately after the 3-h attachment period on an Olympus IX70 fluorescent microscope (Olympus) at 10· magnification at the center of each well. Fluorescent nuclei were counted and cell area was calculated using ImageJ software (National Institute of Health). Statistical analysis was performed using a twotailed Student's t-test for this and all subsequent assays.
Culture of ASCs on full-length ECM proteins
All proteins were used at a final concentration of 10 mg/ mL. Protein dilutions were made fresh and 24-well culture plates were coated overnight at 4°C. Laminin (L4544; Sigma-Aldrich), fibronectin (4305-FN-200; R&D systems, Minneapolis, MN), vitronectin (2308-VN-050; R&D systems), collagen type I (6220-CL; R&D Systems), and collagen type IV (CC076; Millipore) full-length proteins were used. Passage 4 ASCs were thawed from cryopreservation and seeded at a density of 3 · 10 4 cells/cm 2 . Cells were harvested at days 1, 3, 5, and 7 using TrypLE Select and counted using the Scepter Handheld Automated Cell Counter (Millipore). Media were harvested from the cultures at each time point before cell harvest and snap frozen in liquid nitrogen, for ELISA testing. The Adiponectin, Leptin, Basic Fibroblast Growth Factor (bFGF), Vascular Endothelial Growth Factor (VEGF), Hepatocyte Growth Factor (HGF) (Life Technologies), and Stromal CellDerived Factor-1 (R&D Systems) ELISA Kits were used according to the manufacturer's protocol to assay the amount of each factor present in the spent media at various time points.
Proliferation assay
QGel was prepared as described in the 3D hydrogel section above. ASCs were seeded at a density of 10 · 10 6 cells/mL and cultured after polymerization in 24-well plates in MesenPRO media for 7, 14, and 21 days. At each time point, as well as on day 0, QGels were placed in individual 1.5-mL Eppendorf tubes and frozen at -80°C. Once all samples had been collected, QGels were digested using Proteinase K (0.5 mg/mL) overnight at 60°C and DNA content was determined following the CyQUANT NF Cell Proliferation Assay protocol for nonadherent cells (Life Technologies).
Peptide-functionalized PEG-DVS hydrogels were made as described above in the 3D hydrogels section. Cells were seeded at a density of 10 · 10 6 cells/mL and cultured in MesenPRO media for 0, 7, 14, or 21 days. Because the PEG-DVS gels were unable to be digested to quantify DNA content the hydrogels were instead stained with Hoechst, to visualize nuclei, and imaged on an Olympus FluoView Spectral Confocal microscope. The average number of nuclei for each peptide condition, in three fields, for each of three individual gels was determined at desired time points using Imaris software (Bitplane, South Windsor, CT). The spots module was used to create a 3D image of the 150 mm Z-stacks and a spot was created based on intensity value of nuclei visualized in the DAPI channel, allowing determination of individual nuclei. Threshold settings were optimized and used for impartial counting of nuclei, independent of peptide condition. Nuclei counts were averaged for each gel and then for each peptide condition. A Student's t-test was used to determine statistical significance.
Results
As previously described, ASCs isolated from human lipoaspirate can be differentiated down multiple lineages, including adipogenic, chondrogenic, osteogenic, and endothelial. 1, 6, [19] [20] [21] [22] 46 The differentiation process of many cell types has been shown to be affected by the extracellular environment. [19] [20] [21] [23] [24] [25] 47, 48 During differentiation, the surrounding extracellular environment must change to properly support the new, maturing cell population. In an effort to understand this process during adipogenic differentiation, we used immunocytochemistry to examine the expression of ECM proteins and integrin subunits in undifferentiated ASCs and in ASCs that had undergone adipogenic differentiation for 21 days.
As shown in Figure 1A certain ECM proteins, such as collagen I and vitronectin, were expressed at relatively low levels by undifferentiated ASCs. After 21 days of adipogenic differentiation there was a change in the expression pattern of these proteins as well as an increase in overall expression. Other proteins, such as collagen IV, laminin-a4, and fibronectin were not found to be present in undifferentiated ASC cultures, but could be readily detected in the ASC-derived adipocyte population. Still other ECM proteins such as elastin (not shown) were detected, but showed no change in immunoreactivity after adipogenic differentiation.
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The increase in expression of select ECM components, specifically collagen IV, vitronectin, and fibronectin, which were not detected in undifferentiated ASCs, supports the idea that the differentiated cells demonstrated increased utilization of integrin receptors that recognize Arg-Gly-Asp (RGD) sequences present in all of these proteins. 26, 27, [49] [50] [51] [52] [53] Laminins containing the a4 subunit are recognized by different integrins not involved in RGD signaling. There are at least eight known integrins that can bind to laminin 28, 54 and adipocytes use a small number of these. 33 While integrin expression of BM-MSC-derived adipocytes has been examined previously, 29 the expression of integrins in adipocytes derived from lipoaspirate, compared to their undifferentiated counterparts, has yet to be examined fully. Using immunocytochemistry, we characterized the expression of integrin subunits in undifferentiated ASCs and ASC-derived adipocytes that had been differentiated for 21 days (Fig. 1B) . We detected several integrin subunits in ASC-derived adipocytes, but not in undifferentiated ASCs (specifically a1, a5, a6, aV, b4, and b5), as well as some integrin subunits (a3 and b1) that were expressed in both the differentiated and undifferentiated cells, although at higher levels in the ASC-derived adipocytes than the undifferentiated ASCs. In addition, there were subunits that were found to have no discernible change in expression after 21 days of adipogenic differentiation, such as a2, a4, and b3
(not shown). These results indicate that both ECM and ECM receptors are dynamically regulated during adipogenic differentiation.
To examine how the ECM environment might affect the adipogenic differentiation of ASCs, we cultured cells grown on full-length proteins in 2D and assessed their proliferation and expression of adipogenic and endothelial markers over time (Fig. 2) . These ECM proteins were selected based on changes in expression of ECM proteins and integrins observed during adipogenic differentiation of ASC cultures, with the goal of mimicking the normal adipose ECM environment and promoting this pathway. Proliferation of undifferentiated ASCs cultured in maintenance conditions on selected ECM proteins was assessed over one week. In general, cell proliferation was relatively slow in the low-serum media, both on ECM proteins as well as tissue culture plastic (control). However, ASCs cultured on collagen IV showed a significant increase in cell number compared to the control ( Fig. 2A) ( p < 0.05) . The only protein that showed a significant, although slight, increase in proliferation at day 7 compared to uncoated tissue culture plastic was fibronectin ( p < 0.05). All other ECM proteins tested supported proliferation rates similar to that of ASCs cultured on untreated tissue culture plastic. Next, we examined secreted factors important in adipogenic differentiation (specifically leptin and adiponectin) using an ELISA.
FIG. 1. Analysis of ECM protein and integrin expression in ASCs before and after adipogenic differentiation. (A) ECM proteins indicated (green) were detected by immunocytochemistry in undifferentiated ASCs (left) and ASCs subjected to adipogenic differentiation for 21 days (right). Nuclei (blue) were detected by Hoechst staining. Scale bar = 50 mm. (B)
Integrin subunits indicated (green) were detected by immunocytochemistry in undifferentiated ASCs (left) and ASCs subjected to adipogenic differentiation for 21 days (right). Nuclei (blue) were detected by Hoechst staining. Scale bars = 50 mm. ASCs, adipose-derived stem cells; ECM, extracellular matrix.
FIG. 2. Effects of full-length ECM proteins on ASCs. (A)
Proliferation on different substrates was quantified (*p < 0.05) (B) Secretion of adipogenic factors (adiponectin and leptin) by ASCs cultured on different ECM proteins was quantified by ELISA at day 1 (dark bars) and day 14 (light bars). Secretion of bFGF and SDF1-a (C) and VEGF and HGF (D) by ASCs cultured on different ECM proteins was quantified by ELISA over time (***p < 0.001; **p < 0.01; *p < 0.05). bFGF, basic fibroblast growth factor; Col I, collagen I; Col IV, collagen IV; FN, fibronectin; HGF, hepatocyte growth factor; LM, Laminin; SDF-1a, stromal cell-derived factor 1a; VEGF, vascular endothelial growth factor; VN, vitronectin.
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We found that after 14 days of culture in maintenance conditions on selected ECM proteins ASCs grown on all proteins secreted significantly higher levels of both leptin and adiponectin relative to ASCs cultured on untreated tissue culture plastic (Fig. 2B) ( p < 0.001) . ASCs cultured on fibronectin or laminin secreted the highest levels of adiponectin and cells on collagen IV secreted the lowest levels. Secretion of four angiogenic factors was also investigated: bFGF, stromal cell-derived factor 1a (SDF-1a) (Fig. 2C) , VEGF, and HGF (Fig. 2D) . Because these factors mediate the formation of new blood vessels, recruit endothelial progenitors, and stimulate vasculogenesis and mitogenesis, their expression during adipogenic differentiation would be useful for eventual clinical applications using ASC-derived adipocytes in tissue grafts and transplants. Results showed that secretion of bFGF and HGF was higher at day 5 on all protein substrates as compared to uncoated control. SDF-1a levels were higher on protein substrates at day one (especially collagen I), but did not significantly differ from uncoated controls at day 5. VEGF levels decrease over time, but were higher, compared to uncoated controls, after 3 days on all substrates. Taken together, these results show that ECM protein could be utilized to improve adipogenic differentiation in a 3D culture.
Since four out of the five ECM proteins examined above contain functional RGD peptide sequences, we chose to investigate the ability of different RGD-containing peptides to promote adhesion of ASCs. We investigated peptides with varying adhesivity: a cyclized RGD peptide (cycloRGD), a linear RGD peptide (linearRGD), and a vitronectin-derived RGD peptide (VnRGD) (Fig. 3A) . It has been previously shown that cells adhere to cycloRGD significantly more strongly (10 times) than to the linearized form. 55 The VnRGD peptide was derived from the fulllength vitronectin protein sequence, containing the RGD sequence 56 based on work done previously. 57 To investigate the adhesive properties of each RGD peptide on ASCs, we performed 3 h-long adhesion assays.
We found that significantly greater number of ASCs adhered to cycloRGD compared to linearRGD ( p = 0.04), but similar number of ASCs adhered to VnRGD and cycloRGD ( p = 0.55) (Fig. 3B) . ASCs adhered to each RGD peptide in significantly greater number compared to the no-peptide control ( p < 0.001). The extent of the ASC spreading on the RGD peptides, which is indicative of the strength of adhesion of the ASCs on the surface, was also quantified (Fig. 3C) . We found that individual ASCs spread over significantly greater distances when plated on cycloRGD compared to linearRGD, VnRGD, and no-peptide controls ( p = 0.008, p = 0.009, and p < 0.001, respectively). However, no difference in the amount of spreading was observed when comparing ASCs assayed on linearRGD and VnRGD ( p = 0.85). These results indicate that cycloRGD allows for both strong initial attachment and spreading of ASCs and that the VnRGD peptide provides good initial attachment, but less cell spreading of ASCs. Overall, these three RGD peptides were found to support varying degrees of ASC adhesion and cell spreading, giving us the ability to investigate the effects of varied adhesion on adipogenic differentiation of ASCs in 3D.
We next incorporated the RGD peptides into 3D hydrogels to examine possible effects on proliferation and adipogenic differentiation of the ASCs. We initially used QGel, which is a commercially available gel that has previously been used successfully in in vivo studies 58 to examine whether peptides could be incorporated, retained, and whether ASCs could survive and be differentiated down an adipogenic lineage in 3D. Peptides with a free cysteine were added into QGel solution just before cells were encapsulated at a concentration of 80 mM. Using a CyQUANT assay to determine the DNA content of the QGels after 21 days in maintenance media, it was shown that the undifferentiated ASCs could in fact survive in 3D cultures and that the cycloRGD peptide provided the best condition for the ASCs to attach and proliferate in the Qgels (Fig. 4A ) with significantly more growth at day 21 than VnRGD and no-peptide conditions ( p = 0.0002 and p = 0.0018).
All three peptides supported proliferation of ASCs in 3D cultures more than gels without attachment sites. After culture for 21 days in QGel with adipogenic differentiation media, all three peptides were still present, as shown by the continued presence of fluorescent signal ( Fig. 4B; green) . Cells were detected under all conditions, including those cultured in QGel without peptides, as shown by staining for nuclei. Likewise, all conditions allowed for adipogenesis, as shown by a LipidTOX stain for neutral lipids in lipid vacuoles ( Fig. 4B; orange) . Cell membranes were visualized using the fluorescent reporter transfected into the cells before encapsulation and enhanced for clarity using CellMask ( Fig. 4B; red) . Quantification of cell numbers showed that all gels contained about the same number of cells, regardless of the peptide (Fig. 4C) .
While all conditions allowed for adipogenic differentiation, it was found that the cycloRGD peptide yielded a significantly lower percentage of cells containing lipid vacuoles ( p = 0.04) when compared to the VnRGD condition (Fig. 4D) . The percentage of cells containing lipid vacuoles was similar for ASCs differentiated with the linearRGD, VnRGD, and QGel without peptides. Using Imaris software we were also able to measure the 3D area of the lipid vacuoles and found that the lipid vacuoles formed by ASCs differentiated with cycloRGD were significantly smaller than those formed in QGel without peptides ( p = 0.04) (Fig. 4E) . The size of the lipid vacuoles formed by ASCs differentiated with linearRGD, VnRGD, and QGel without peptides were not significantly different in size.
We next incorporated RGD peptides in a simple, encapsulating, PEG-based hydrogel with a DVS crosslinker (PEG-DVS), 59 and tested proliferation and adipogenic differentiation of ASCs. ASCs were seeded into these PEG-DVS gels at 10 · 10 6 cells/mL, with consistent peptide concentrations as in the QGels. Undifferentiated ASCs were grown in the PEG-DVS gels, in MesenPRO, for up to 21 days and imaged using a confocal microscope to determine the rate of proliferation in each of the peptide conditions. At day 21 it was found that the linearRGD peptide actually supported proliferation significantly better than all other peptides, and no-peptide conditions (cycloRGD, p = 0.009; VnRGD, p = 0.004; H 2 O, p = 0.0001) (Fig. 5A) . In this hydrogel system the cycloRGD and vitronectin-derived peptides supported the same (limited) proliferation and both were more supportive than no peptide.
When ASCs were seeded in PEG-DVS gels and grown in adipogenic media for 21 days, all peptide conditions, including the gels without peptide, supported adipogenesis (Fig. 5B) , as indicated by staining of neutral lipids with LipidTOX ( Fig. 5B; orange) . Additionally, high levels of peptide incorporation were still apparent after 21 days in culture, as assessed by the visualization of the FITC/FAM tag on the peptides ( Fig. 5B; green) . Unlike with the QGel system, we observed a difference in the total number of cells present in the PEG-DVS systems after 21 days of adipogenic differentiation, with a significantly greater number of cells present in the VnRGD system compared to the linearRGD system ( p = 0.004) (Fig. 5C ). Also differing from the results using QGel, we found that there was no significant difference in the percentage of cells containing lipid vacuoles (Fig. 5D) . However, the size of the lipid vacuoles in the VnRGD and linearRGD systems were both significantly larger compared to the size of the lipid vacuoles in the cycloRGD system (VnRGD, p = 0.001; linearRGD, p = 0.04) (Fig. 5E) . Overall, our results with the PEG-DVS system agree with the Qgel data in that the VnRGD peptide was the most supportive of adipogenic differentiation.
Discussion
In this study, we have shown that the ECM profile of ASCs changes over 21 days of adipogenic differentiation. Increases in collagens type I and type IV, as well as in vitronectin and fibronectin indicate a likely increase in RGD sites throughout the culture. This change in proteins present outside of the cells correlates to the changing integrin profile of the cells. Integrin a1b1 has been shown to be involved in the attachment to collagen IV and laminins containing the a4 subunit, 30, 60 while a3b1, a6b1, and a6b4 have all been shown to interact specifically with laminins. [60] [61] [62] aVb5, aVb1, and a5b1 along with several other integrin heterodimers have been shown to interact with RGD sequences from varying ECM proteins, including collagen I, fibronectin, and vitronectin. 30, 35, 63 The increase of each of these subunits in adipogenically differentiated cultures, along with increases in ECM proteins that they are able to interact with, supports the hypothesis that these integrins may be important to the differentiation process.
It has been found that BM-MSCs adipogenically differentiated for 21 days only showed a significant increase in a6 integrin subunit and significant decreases most notably in a3 and b4. 29 Although there are a few common changes of integrin subunit expression between BM-MSCs and ASCs (like the increase in a6), there are more notably some potentially important differences. One such difference is the lack of increase in a5 and aV in the BM-MSCs. b1 can dimerize with a large number of a subunits, including a5 and aV, which are both used for binding of RGD sequences in fibronectin. The increase in expression we observed in b1, coupled with the expression of a5 and aV in the derived adipocytes further supports the importance of interaction with RGD-containing ECM proteins in adipogenic differentiation of ASCs. Such changes can be potentially utilized in the design of a synthetic 3D environment to enhance adipogenic differentiation.
We found that ECM protein substrates in a 2D environment increase the secretion of factors favorable for adipogenic differentiation (relative to uncoated controls) such as adiponectin and leptin. [64] [65] [66] [67] [68] Other secreted factors important in angiogenesis and vasculogenesis, specifically bFGF, sDF1a, VEGF, and HGF [69] [70] [71] [72] were also increased. These data are particularly important, as the survival of a 3D tissue graft in vivo will most likely require the formation of some vasculature to bring blood and essential nutrients to the cells present in the tissue graft. While the expression of these factors is clearly essential for developing tissue grafts, it is also important to keep in mind that ASCs themselves are capable of differentiating into endothelial cells, 46, 73 which would allow these cells to potentially survive in vivo by differentiating into both adipocytes and endothelial cells capable of creating their own vasculature.
By examining the important links between how the changing extracellular environment of differentiating ASCs affects the expression of integrins, we were able to determine candidate peptides for incorporation into our 3D structures. Based on the expression of multiple ECM proteins that contain RGD sequences in the adipogenically differentiated cultures, we decided to examine how different RGD peptides might affect adipogenic differentiation in a 3D system. Knowing that mature adipocytes are natively found in a relatively soft environment, 74 we chose three RGD-based peptides to provide different strengths of adhesion to examine the effect of this initial adhesion strength on the undifferentiated ASCs for their eventual adipogenic differentiation. The initial interaction of these cells with their environment may provide important cues for their eventual differentiation. 19, 21 We found that the greatest number of undifferentiated ASCs adhered to cycloRGD, although this was not significantly greater than the number of cells adhered to VnRGD. The difference between the cycloRGD and VnRGD peptides was seen in the extent to which the ASCs spread out during the adhesion period. The size of the undifferentiated ASCs grown on the VnRGD over 3 h was less than that on the cycloRGD and similar to cell spreading on linearRGD. Overall, while both cycloRGD and VnRGD provide good sites for initial attachment of undifferentiated ASCs, the VnRGD peptide keeps the cells in a more rounded formation, which may be favorable for adipogenic differentiation. 75, 76 The strong initial adhesion and reduction in spread morphology of the undifferentiated ASCs on the VnRGD peptide conditions were found to be beneficial to adipogenic differentiation in a 3D environment as well, in both the commercially available QGel as well as a novel formulation of a PEG-DVS hydrogel. We saw that in the QGel the number of cells with lipid vacuoles was significantly lower in the cycloRGD gel, which promoted spreading. While the percentage of lipid vacuole-containing cells did not differ in the PEG-DVS gels between the different peptides used, the size of the lipid vacuoles did vary with cells cultured in the VnRGD-containing gels typically forming significantly larger lipid vacuoles. This production of larger lipid vacuoles is potentially due to the more rounded morphology of the cells differentiated in the VnRGD-containing hydrogels.
When comparing the commercially available QGel and the PEG-DVS gels, we found that while both systems incorporate and maintain the presence of the RGD peptides well, the PEG-DVS gels seem to be more supportive of adipogenic growth and differentiation of ASCs compared to QGel. It may be that while the basic thiolene chemistry employed in both gels is acceptable for differentiation of ASCs into adipocytes, the somewhat different PEG-DVS gel system provides a slightly more conducive environment for the growth and differentiation of ASCs to adipocytes, possibly due to fewer crosslinking events.
We were able to determine that when ASCs isolated from lipoaspirate were encapsulated into a PEG-based hydrogel, they were able to not only survive for at least 3 weeks, but also able to proliferate in an undifferentiated state as well as differentiate into adipocytes. The incorporation of RGDbased peptides into these gels affected the efficiency of adipogenic differentiation. Specifically, we found that a strongly adhesive peptide, cycloRGD, may not provide ideal adipogenic-inducing interactions for ASCs in vitro. VnRGD, however, may create the most inductive environment for adipogenic differentiation; while it supported significant initial adhesion of undifferentiated ASCs, it still allowed the cells to remain more rounded. It also proved to offer the most beneficial environment for adipogenic differentiation in 3D hydrogels, with cells differentiated in its presences showing large lipid vacuoles, indicating more mature adipocytes. These data show that the ECM-based attachment sites provided within a 3D environment have a direct effect on the efficiency of adipogenic differentiation of ASCs in vitro. Although these conditions may not precisely reflect the in vivo environment, they represent an important foundation to developing potential treatments. The incorporation of RGD-containing peptides into tissue grafts might later be utilized for improved adipogenic differentiation of ASCs, with the ultimate goal of soft tissue reconstruction in vivo.
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